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Abstract 
Degradation of collagen by oxidant species may play an important role in the progression of rheumatoid arthritis. Whilst 
the overall effects of this process are reasonably well defined, little is known about the sites of attack, the nature of the 
intermediates, or the mechanism(s) of degradation. In this study electron paramagnetic resonance spectroscopy with spin 
trapping has been used to identify radicals formed on collagen and related materials by metal ion - -  H202 mixtures. Attack 
of the hydroxyl radical, from a Fe(II)-H202 redox couple, on collagen peptides gave signals from both side chain 
( CHR'R"), and a-carbon [ C(RXNH - )CO - ,  R = side-chain] radicals. Reaction with collagen gave both broad anisotropic 
signals, from high-molecular-weight protein-derived radicals, and isotropic signals from mobile species. The latter may be 
low-molecular-weight fragments, or mobile side-chain species; these signals are similar to those from the a-carbon site of 
peptides and the side-chain of lysine. Enzymatic digestion of the large, protein-derived, species releases imilar low-molecu- 
lar-weight adducts. The metal ion employed has a dramatic effect on the species observed. With Cu(I)-H202 or 
Cu(II)-H202 instead of Fe(II)-H20 z, evidence has been obtained for: i) altered sites of attack and fragmentation, ii) 
C-terminal decarboxylation, and iii) hydrogen abstraction atN-terminal a-carbon sites. This altered behaviour is believed to 
be due to the binding of copper ions to some substrates and hence site-specific damage. This has been confirmed in some 
cases by electron paramagnetic resonance studies of the Cu(II) ions. 
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1. Introduction 
Abbreviations: a(X), hyperfine coupling constant due to an 
atom X; BOC, tertiary butoxylcarbonyl; DBNBS, 3,5-dibromo- 
4-nitrosobenzenesulphonic acid;DETAPAC, diethylenetriamine- 
pentaacetic a id; DNPH, 2,4-dinitrophenylhydrazine; EDTA, eth- 
ylenediaminetetraacetic acid disodium salt; EPR, electron para- 
magnetic resonance; HO, hydroxyl radical; HyLys, 5-hydroxyl- 
ysine; HyPro, 4-hydroxyproline; MNP, 2-methyl-2-nitrosopro- 
pane; R,R',R", undefined substituents. 
* Corresponding author. Present address: The Heart Research 
Institute, 145-147 Missenden Road, Camperdown, Sydney, NSW 
2050, Australia. Fax: +61 29 5503302; E-mail: 
m.davies@hri.edu.au 
Collagen is a major structural protein and a signifi- 
cant component of the extracellular matrix of the 
human body. This protein is characterised by triple 
helical structure with a repeating sequence of Gly-X-Y 
where the amino acids X and Y are often Pro and 
4-hydroxyproline, HyPro, respectively. There are 
however also considerable quantities of other amino 
acids including Lys and 5-hydroxylysine, HyLys [1]. 
It has been previously suggested that the genera- 
tion of free radicals and other reactive oxygen species 
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such as singlet oxygen and hypochlorous acid may 
play a role in the alterations that are observed in this 
material either during natural aging or certain dis- 
eases (eg. inflammatory conditions, atherosclerosis) 
[2-4]. These reactive species are known to be gener- 
ated by both normal physiological pathways, such as 
electron transport chains, activated white cells, cer- 
tain enzymes, and exogenous factors such as UV 
light, radiation, and some chemicals. It has been 
shown that there are age-related changes in the prop- 
erties of collagen, with an increase in cross-linking 
(aggregation) and a decreased sensitivity to degrada- 
tion by chemical agents observed in aged samples. It 
has also been demonstrated that a number of well-de- 
fined radical generating systems can induce damage 
to this material, and that this results in both fragmen- 
tation and a greater susceptibility oenzymatic degra- 
dation [5-11]. Thus treatment of collagen with 
Cu(II)/H202 gives rise to degradation (fragmenta- 
tion), and a significant decrease in proline content, 
suggesting that fragmentation may occur preferen- 
tially at these residues [12]. Comparative studies with 
a range of other metal ion/H202 and metal 
ion/ascorbate systems have demonstrated that of all 
of these systems collagen is most sensitive to damage 
by the Cu(II)/H202 system [13]. A similar enhanced 
sensitivity to the Cu(II)/H202 system compared to 
other redox couples has also been observed with both 
model substrates, such as poly(Pro) and poly(Pro- 
Gly-Pro) [14], and articular cartilage preparations [15]. 
Several possible xplanations have been suggested 
for this phenomenon. The first of these is that the 
copper ions generate reactive species, presumed to be 
hydroxyl radicals, from H202 more rapidly than 
other metal ions, and hence the substrate is exposed 
to both a higher flux of attacking radicals and a 
greater overall oxidative insult over a fixed period of 
time. The second is that the damage xerted by Cu(II) 
is site-specific in nature, with a resulting increased 
chance of the radicals generated reacting with certain 
key sites, or thirdly that the Cu(II)/H202 redox 
system gives rise to other oxidants, such as high- 
oxidation state copper species, and not hydroxyl radi- 
cals, ie. the attacking species is different. Evidence 
has been presented in support of each of these hy- 
potheses. Thus it has been demonstrated that: (i) 
Cu(I), but not Cu(II), reacts with H202 more rapidly 
than Fe(II) [16], (ii) that Cu(II) binds to certain 
proteins at specific sequences to form protein-Cu(II) 
complexes which, on reaction with H202, results in 
site-specific damage [17,18], and (iii) that Cu(III) 
species may be involved [19]. 
In the current study we have examined these possi- 
bilities in some detail by using EPR spectroscopy as
a means of probing both the nature of the intermedi- 
ates formed on collagen and model compounds, by 
reactive species generated from H 202 by Fe(II), Cu(I) 
and Cu(II). We have also investigated the binding of 
Cu(II) ions to these substrates. The latter can be 
readily examined by EPR spectroscopy asa result of 
the d 9 electron configuration of this metal ion which 
makes it paramagnetic. The nature, shape, and posi- 
tion of the Cu(II) signal is known to be dependent on 
the surrounding ligands, and hence the type of signal 
observed can be used to examine complexation of 
this metal ion to a substrate [20]. 
2. Materials and methods 
2.1. Chemicals 
All proteins, enzymes, peptides and amino acids 
were commercial samples of high purity and used as 
supplied. Collagen (Type 1) from calf skin was ob- 
tained from Fluka. The spin trap DBNBS was pre- 
pared as described previously [21]. All solutions were 
made up in high purity, deionised, water. Metal ion 
solutions were degassed before and during experi- 
ments using oxygen-free nitrogen. Stock solutions of 
the spin trap MNP were obtained by dissolving this 
material in acetonitrile with subsequent dilution with 
aqueous buffer; in these experiments he final con- 
centration of acetonitrile in the reaction mixtures was 
_< 15% v/v.  
2.2. EPR spectroscopy 
Spectra of incubations carried out at room temper- 
ature in an aqueous-sample cell were recorded using 
a Jeol RE-IX spectrometer quipped with 100 kHz 
modulation. Hyperfine coupling constants were mea- 
sured directly from the field scan and confirmed, in 
the majority of cases, by spectral simulation using a 
program originally written by Dr. M.F. Chiu and 
adapted by Dr. A.C. Whitwood, both Dept. of Chem- 
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istry, University of York, to run on a PC. This 
program allows the simulation of complex isotropic 
spectra of multiple radicals and takes in to account 
the relative concentrations of each species, variations 
in line width, g values, multiplicity of splittings and, 
where necessary, second-order ffects and exchange 
processes. In all cases simulations were carried out 
with a range of parameters until the best visual fit 
between the experimental nd simulated spectra was 
obtained. 
2.3. Enzymatic digestion and purification 
Enzyme degradation of collagen which had been 
reacted with metal ion/H202 systems, in the pres- 
ence or absence of a spin trap, was carried out at 
either 20 ° or 37°C under aerobic conditions for 0-60 
min, using pepsin (pepsin A, EC 3.4.23.1, ca. 4000 
U/ml  final concentration) or collagenase (clostri- 
diopeptidase A from Clostridium histolyticum, EC 
3.4.24.3, 16 U /ml  final concentration). Solutions of 
collagenase were purified before use by employing a
Sephadex G-25 PD10 column. 
2.4. Carbonyl assay 
were carried out to investigate the sites of attack of 
hydroxyl radicals, generated using the Fe(II)/H202 
couple (reaction 1) on the major amino acid types 
present in collagen. The radicals generated on these 
substrates (reaction 2) were detected by reaction of 
these radicals with an added spin trap and subsequent 
examination of the long-lived adduct species by EPR 
spin trapping. The spin traps employed were DBNBS 
(reaction 3) and MNP (reaction 4), as these traps 
have been previously shown to give detectable adducts 
with a range of amino acid- and protein-derived 
radicals. Incubations typically contained 6 mg/ml  of 
the amino acid or derivative, 2 mM FeSO4, 2.5 mM 
H202 and the spin trap (2.5 mM in the case of 
DBNBS, 15 mM for MNP). 
Fe(II) + H202 ~ Fe(III) + HO-+ HO (1) 
HO+ R-H ~ H20 + R (2) 
R ° ÷ -OaS :=O : -  "OzS "<Y 
Br Br 
DBNBS 
(3) 
The presence of carbonyl groups on collagen after 
treatment with metal ion/H20 z mixtures was exam- 
ined by addition of an equal volume of 2,4-di- 
nitrophenylhydrazine (DNPH; 1 mM in 1 M HCI) 
and incubation for 30 min at 50°C. After cooling, 1.5 
vol of 1 M NaOH were added, and the absorbance of 
the solution at 450 nm recorded 5 min later. An 
extinction coefficient of 22 000 M-1 cm-~ was used 
to quantitate carbonyl formation after subtraction of 
appropriate blanks [22,23]. 
3. Results and discussion 
3.1. Spin-trapping experiments with amino acids and 
peptides using Fe(lI) / H 2 02 
Initial studies were carried out with a series of 
amino acids, amino acid derivatives and peptides 
with the aim of characterising the species generated 
on these relatively simple model compounds before 
examining more complex systems. Thus experiments 
R+ tBu_N= O ~tBu-N(R) -O  (4) 
MNP 
Examination of such reaction mixtures by EPR 
spectroscopy within 2 min of the start of the reaction 
resulted, in virtually all cases, in the detection of 
signals from amino acid-derived radical adducts. 
These signals were not observed in the absence of the 
substrate. In experiments where MNP was employed 
as the spin trap, additional signals were detected 
which have been assigned to the spin adduct of 
CH 2CN arising from hydrogen atom abstraction from 
the acetonitrile used as a co-solvent. The presence of 
the lines from this adduct complicated analysis of the 
observed spectra in some cases, and data is only 
included from experiments with this trap when the 
analysis of the observed spectra was felt to be un- 
equivocal. The hyperfine coupling constants for all 
the radical adducts detected are collected in Table 1. 
All of the amino acids tested, with the exception of 
glycine, gave clear signals consisting of triplets of 
doublets with the former splitting arising from the 
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Table 1 
Radicals detected by EPR spectroscopy on reaction of amino acids and peptides with metal ion/H20 e couples in the presence of spin 
traps DBNBS and MNP 
Amino acid Reaction system Spin trap Hyperfine splitting/mT a Site of HO attack 
aN aH aother 
Proline Fe(II)-H20 ~ DBNBS 1.33 0.31 side chain, -CH 2- 
Cu(II)-H 202 
Cu(II)-H eOz- 
ascorbic acid 
4,4-d2-Proline Fe(II)-H202 DBNBS 1.34 0.35 0.07(2H) b C(3), side chain 
Cu(II)-H202 
Cu(II)-H 20~- ascorbic acid 
Fe(II)-HeO 2 MNP 1.59 0.32 0.09(IH) C(3), side chain 
N-acetylproline Fe(II)-H202 DBNBS 1.33 0.79 side chain, -CH e- 
Cu(II)-H202 
Cu(I1)-H202 ascorbic acid 
3-Hydroxyproline Fe(II)-H202 DBNBS 1.33 0.33 side chain, -CH 2- 
Cu(II)-H202 
Cu(I1)-H20 e- ascorbic acid 
4-Hydroxyproline Fe(II)-H202 DBNBS 1.31 0.62 side chain, -CH z- 
Cu(II)-H202 
Cu(II)-H202- ascorbic acid 
N-acetyl-4-hydroxyproline Fe(II)-H20 z DBNBS 1.31 0.56 side chain, -CH 2- 
Cu(II)-H 202 1.31 a-carbon 
Cu(II)-H20 z - ascorbic acid 1.33 1,42 DBNBS-H ~ 
Lysine Fe(II)-H ~O 2 DBNBS 1.39 0.75 side chain, -CH 2- 
1.39 0.86 side chain, -CH 2- 
Cu(II)-H202 DBNBS 1.39 0.75 side chain, -CH 2- 
1.36 a-carbon 
Cu(II)-H 202- DBNBS 1.36 0.75 side chain -CH 2- 
ascorbic acid 1.44 1.19(2H) side chain cleavage 
4,4,5,5-d4-Lysine Fe(II)-H202 DBNBS 1.36 0.12(1D) side chain at C(4) or C(5) 
Cu(II)-H202 0.07 (2H) b 
Cu(II)-HzO2-ascorbic a id DBNBS 1.36 0.83 side chain at C(3) or C(6) 
5-Hydroxylysine Fe(II)-H202 DBNBS 1.31 0.64 side chain, -CH 2- 
Cu(II)-H202 
Cu(II)-H202-ascorbic a id DBNBS 1.33 0.58 side chain, -CH 2- 
1.44 1.19(2H) side chain cleavage 
N(a)-acetyllysine Fe(II)-H202 DBNBS 1.39 0.75 side chain, -CH 2- 
Cu(II)-H202 
Cu(II)-H 202-ascorbic acid 1.36 a-carbon 
N(e)acetyllysine Fe(II)-H202 DBNBS 1.36 0.75 side chain, -CH 2- 
Cu(II)-H202 DBNBS 1.36 0.75 side chain, -CH 2- 
Cu(II)-H 202 - ascorbic acid 1.44 1.19(2H) side chain cleavage 
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Amino acid Reaction system Spin trap Hyperfine splitting/mT a Site of HO attack 
a N a H aother  
N(a)N(e)-BOClysine Fe(II)-H202 DBNBS 1.42 0.88 side chain, -CH 2- 
Cu(II)-H202 DBNBS 1.42 0.81 side chain, -CH 2- 
Cu(II)-H 202- DBNBS 1.42 0.81 side chain, -CH 2- 
ascorbic acid 1.39 a-carbon 
N-formylglycine Fe(II)-H 202 DBNBS 0.90 formyl group 
1.39 0.69 0.15(1 N) a-carbon 
N-acetylglycine Fe(II)-H 20 2 DBNBS 1.39 0.64 0.21(1N) a-carbon 
Gly-Gly Fe(II)-H20 2 DBNBS 1.38 0.62 0.21(1N) a-carbon 
MNP 1.57 0.62 0.21(1N) a-carbon 
Cu(II)-H20 2 DBNBS 1.36 0.82(2H) 0.25(1N) decarboxylation at the 
C-terminus d 
Cu(II)-H20 2- ascorbic acid DBNBS 1.36 0.83 0.25(1N) a-carbon 
1.33 0.47 not assigned 
Gly-Gly-Gly Fe(II)-H 20 2 DBNBS 1.40 0.75 0.21(1N) a-carbon 
MNP 1.57 0.24 0.24(1N) a-carbon 
Cu(II)-H202 DBNBS 1.40 0.75 0.21(1N) a-carbon 
Gly-Gly-Gly Cu(II)-H 202 DBNBS 1.31 0.49 not assigned 
1.36 0.82(2H) 0.25(1N) decarboxylation at the 
C-terminus d
Cu(II)-H 202 - DBNBS 1.40 0.75 0.21(1N) a-carbon 
ascorbic acid 1.31 0.49 not assigned 
Gly-Gly-Gly-Gly Fe(II)-H202 DBNBS 1.39 0.74 0.21(1N) a-carbon 
Cu(II)-H202 DBNBS 1.39 0.74 0.21(1N) a-carbon 
1.32 0.47 not assigned 
GIy-GIy-NH 2 Fe(II)-H202 DBNBS 1.36 0.69 0.17(1N) a-carbon 
Gly-Ala Fe(II)-H 202 DBNBS 1.33 a-carbon (Ala) 
Ala-Gly Fe(II)-H 202 DBNBS 1.35 0.97 0.13(1N) a-carbon (Gly) 
Cu(II)-H202 
Cu(II)-H202- ascorbic acid DBNBS 1.33 0.50 not assigned 
Ala-Ala Fe(II)-H 20 2 DBNBS 1.33 a-carbon 
Cu(II)-H 202 DBNBS 1.39 1.17 0.21(1N) decarboxylation at 
Cu( I I ) -H202 - the C-terminus d
ascorbic acid 1.33 a-carbon 
Gly-Pro Fe(II)-H202 DBNBS 1.33 0.33 side chain (Pro) 
Cu(II)-H20 2 
Cu(II)-H202- ascorbic acid 1.33 0.97 side chain (Pro) 
Pro-Gly Fe(II)-H202 DBNBS 1.31 0.27 side chain (Pro) 
1.33 1.04 0.19(1N) a-carbon (Gly) 
Cu(II)-HzO 2 DBNBS 1.31 0.28 side chain (Pro) 
Cu(II)-H 202 - ascorbic acid 
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Table 1 (continued) 
Amino acid Reaction system Spin trap Hyperfine splitting/mT a
aN aH aother 
Site of HO attack 
Gly-HyPro Fe(II)-H202 
Cu(II)-H 202 
Cu(II)-H202- ascorbic acid 
DBNBS 1.33 0.69 side chain (HyPro) 
1.33 a-carbon (HyPro) 
MNP 1.33 1.42 0.19(1N) DBNBS-H c 
1.50 0.36 side chain (HyPro) 
1.44 1.44 MNP-H c 
Gly-Lys Fe(II)-H202 DBNBS 1.39 0.75 side chain (Lys) 
Cu(II)-H202 1.39 0.86 side chain (Lys) 
Cu(II)-H202- ascorbic acid 1.36 a-carbon (Lys) 
Lys-Gly Fe(II)-H202 DBNBS 1.38 0.82 side chain (Lys) 
Cu(II)-H202 
Cu(II)-H 202- DBNBS 1.36 0.81 side chain (Lys) 
ascorbic acid 1.44 1.19(2H) side chain cleavage 
Lys-Lys-Lys Fe(II)-H202 DBNBS 1.33 a-carbon 
1.39 0.73 side chain 
Gly-Pro-HyPro Fe(II)-H202 DBNBS 1.33 1.19 0.15(1H) side chain (Pro/HyPro) 
1.36 a-carbon (Pro/HyPro) 
Cu(II)-H 202 DBNBS 1.39 0.83 0.25(1 N) a-carbon (Gly) 
Cu(II)-H202- ascorbic acid 
Poly-Pro Fe(II)-H 202 DBNBS 1.38 1.05 side chain 
Cu(II)-H202 
Cu(II)-H202- ascorbic acid DBNBS 1.31 0.50 side chain 
Poly-HyPro DBNBS 1.33 1.72 side chain Fe(II)-H202 
Cu(II)-H202 1.33 0.92 side chain 
Cu(II)-HzO 2- ascorbic acid DBNBS 1.31 0.49 side chain 
Poly-Lys Fe(II)-H 202 DBNBS 1.40 0.69 side chain 
Cu(II)-H202 DBNBS 1.40 0.69 side chain 
Cu(II)-H 202 - ascorbic acid 1.42 1.17(2H) side chain cleavage 
Poly-(Gly-Pro-GLy) Fe(II)-H202 DBNBS 1.33 1.02 side chain (Pro) 
Cu(II)-H202 
Cu(II)-H202- ascorbic acid 1.36 a-carbon (Pro/Gly) 
a +/_  0.01 mT. 
b Splittings from the two meta-protons on the aromatic ring of the spin trap DBNBS. 
c Due to reduction of spin trap by a-hydroxyalkyl radicals formed by abstraction of a hydrogen atom at carbon attached to -OH. 
d Only observed at pH < 4. 
nitroxide nitrogen, and the latter f rom a single hydro- 
gen atom on the substrate. These spectra are believed 
to arise from the trapping of carbon-centred radicals 
of the type CHR'R"  produced by hydrogen abstrac- 
tion by hydroxyl radicals from the side chains. In no 
case were any signals detected which could be as- 
signed to a species arising from hydrogen abstraction 
at the a-carbon (C-2) which would result in the 
formation of species of the type C(NH~-) (COO-)R .  
Such species are believed not to be readily generated 
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as a result of the deactivating effect of the neighbour- 
ing protonated amino group. This selectivity is con- 
sistent with the lack of signals from glycine, and the 
data obtained in a number of previous studies which 
have demonstrated that the side chains are the major 
site of attack at pH values where the free amino acid 
exists as a zwitterion [24-30]. 
In the cases of Pro and Lys use of selectively 
deuterated substrates has allowed further information 
to be obtained about he exact site of hydroxyl radical 
attack. Substitution of a deuterium atom for a hydro- 
gen atom at the radical centre is known to result in 
characteristic changes in the EPR spectrum as a result 
of the nuclear spin for deuterium being 1, compared 
to 0.5 for hydrogen. This results in a smaller, 1:1:1, 
triplet splitting from a deuterium atom compared to 
the 1:1, doublet splitting seen with a hydrogen. The 
absence of such changes also allows possible sites to 
be eliminated. Such experiments are consistent with 
the major sites of hydroxyl radical attack being at 
C-4 and C-5 on Lys, and C-3 on Pro (see Table 1). 
In contrast to the behaviour observed with the free 
amino acids, studies on N-formyl Gly and N-acetyl 
derivatives of the other amino acids, resulted in a 
different selectivity of attack. Thus additional triplet 
signals were observed with N-acetyl HyPro and 
N( a)-acetyl Lys, and additional triplet of doublets of 
triplets signals with N-formyl Gly and N-acetyl Gly 
(see Table 1). These signals are believed to arise 
from the trapping of radicals formed at the a-carbon 
[ie. C(NHCOCH 3)(COO-)R adducts] with the change 
in selectivity ascribed to the replacement of the deac- 
tivating protonated amino group with the N-acetyl 
function. This is in accord with previous studies 
[24-30]. The difference between the reaction systems 
which give just triplet spectra, and those which give 
triplet of doublet of triplet spectra, is thought o be 
due to the geometry of the adducts generated. This is 
consistent with a previous study [28]. With Gly 
derivatives both the a-carbon hydrogen and the /3- 
(amide) nitrogen splittings are observed, whereas with 
amino acid derivatives where there are R groups 
attached at the a-carbon the stereochemistry must be 
such as to make the /3-(amide) nitrogen splitting too 
small to resolve. In the case of N(e)-acetyl Lys no 
additional signals were observed suggesting that the 
extent of attack at the E-carbon (C-6) is not signifi- 
cantly enhanced. Signals arising from attack at the 
N-acetyl and N-formyl groups were also observed in 
some cases. 
Extension of these studies to small peptides gave 
similar results with attack on both side-chain and 
non-deactivated a-carbon sites observed (see Table 
1). In no case was any attack at the N-terminal 
a-carbon detected. With Gly peptides, where attack 
can only occur on the backbone, adduct radicals with 
the partial structure CH(NH-R')(CO-R") arising from 
attack at the a-carbon were observed. In contrast, 
with Gly-Pro, Gly-Hyp and Gly-Lys attack on both 
the side-chains and at the a-carbon of the non-Gly 
residue was observed. The spectra from the latter 
adducts do not, unlike poly(Gly) peptides, give a 
resolvable amide nitrogen splitting. This is consistent 
with previous studies and is thought o arise from 
steric interactions between the side-chain and the spin 
trap. This results in the amide nitrogen lying in, or 
close to, the nodal plane of the orbital containing the 
unpaired electron [28]. 
Further evidence for preferential attack at sites 
away from the deactivating amino group at the N- 
terminus was obtained from studies with peptides 
containing the same amino acids but in reversed 
order. Thus with Pro-Gly attack was observed on the 
Pro side chain and at the Gly a-carbon, but not at the 
Pro a-carbon. In the case of Lys-Gly attack solely on 
the Lys side-chain was observed, suggesting in this 
case that the side chain was preferred over the Gly 
a-carbon. Low concentrations of this species may 
however be formed and not detected due to the 
multi-line nature, and hence low intensity, of the 
signal arising from this species. 
The same general pattern of behaviour, that is 
attack at a-carbon sites away from the N-terminus 
and on large side chains such as those of Lys and 
Pro, was observed with a number of larger peptides 
and polyamino acids. In the latter cases, and particu- 
larly with those of high-molecular-weight, t eslower 
rate of tumbling of these larger molecules, resulted in 
the detection of partially anisotropic spectra (ie. 
broadened particularly at the high-field side), though 
in many cases hyperfine couplings from the added 
radical could still be discerned. The only result which 
does not fit in with this pattern of attack at non- 
deactivated a-carbon sites and on large side chains, 
was that obtained with poly-Pro. In this case only 
signals arising from attack on the side chain were 
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observed, with no sign of species arising from attack 
on the backbone. Low concentrations of this species 
may however be present. This may be due to steric 
interactions in this polymer arising from the very 
crowded nature of this material with the a-carbon 
sites being effectively shielded by the side-chain. 
3.2. Spin-trapping experiments with amino acids and 
peptides using Cu(II) / H e O: 
Treatment of the majority of the free amino acids 
with Cu(II)/H202 or Cu(I)/H202, with the Cu(I) 
formed by the reduction of Cu(II) by ascorbate, gave 
similar signals to those detected with Fe(II)/H202, 
though they were often less intense and pH depen- 
dent. There were two exceptions: Lys and HyLys. 
In the case of Lys, reaction with Cu(II)/H202 
resulted in the detection of two species (Fig. 1A); one 
of these is identical to a species observed with the 
Fe(II)/H202 system and assigned to a radical adduct 
arising from hydrogen abstraction at either C-4 or 
C-5 on the side chain [ie. trapping of a secondary 
radical (CHR'R")]. The second species gives rise to 
a triplet signal with no additional couplings and 
cannot herefore be due to a side-chain radical formed 
via hydrogen abstraction. This signal is therefore 
assigned to the radical formed by hydrogen abstrac- 
tion at the a-carbon. Reaction with Cu(I)-H202 gave 
somewhat different behaviour in that at pH values 
< 8 two species were observed - -  the adduct from 
hydrogen abstraction at C-4/C-5, as observed with 
Cu(II) and Fe(II), together with an additional species 
which gives rise to a spectrum which has been anal- 
ysed in terms of a 1:1:1 triplet, from the spin trap 
nitroxide nitrogen, of 1:2:1 triplets. This analysis is 
consistent with the trapping of a primary radical 
with partial structure CH2R. This species may arise 
from fragmentation or rearrangement of the side 
chain, but its exact nature is not known. The spectra 
of both of these species were dramatically altered by 
substitution of Lys with Lys deuterated at C-4 and 
C-5 suggesting that both of these radicals must be 
derived from these two sites (Fig. 1B). At pH values 
> 8, reaction of Cu(I)-H202 with Lys gave different 
behaviour. In place of these two adducts a single 
adduct species from a secondary radical, of partial 
structure CHR'R", was detected. The spectrum of 
this adduct was not altered when Lys deuterated at 
. • . ;  ~ .~ g -o  - 
B 
L l / 
1 mT 
lip 
C 
Fig. I. EPR spectra observed on reaction of Cu(II) (3 mM), 
ascorbic acid (6 raM) and H202 (30 mM) with lysine and lysine 
derivatives in the presence of the spin trap DBNBS (2.5 mM). 
(A) Spectrum observed with Lys (50 mM) at pH 3.5; signals 
assigned to two radical adducts believed to be formed via hydro- 
gen abstraction at the side chain (O) and rearrangement/frag- 
mentation (• ) .  (B) Reaction system as (A) except substrate was 
C-4, C-5 deuterated Lys (50 mM); a similar signal was observed 
on reaction of hydroxyl radicals, generated from reaction of 
Fe(II) with H202, with this substrate in the presence of the same 
trap. Signal assigned to a species formed via hydrogen abstrac- 
tion at C-4 or C-5 on the side chain. (C) As spectrum (B) except 
reaction carried out at pH 8. Spectrum assigned to a species 
formed via hydrogen abstraction ateither C-3 or C-6 on the side 
chain. The dramatic base-line drift in this spectrum is due to the 
intense signal from a Cu(II) complex present at lower magnetic 
field (higher g value) (see also Fig. 2B). 
C-4 and C-5 was used (Fig. 1C). This signal, which 
has different hyperfine coupling constants to the 
species observed with Fe(II) or Cu(II), has been 
assigned to a radical arising via hydrogen abstraction 
at either C-3 or C-6. 
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In the case of HyLys identical behaviour was 
observed with Fe(II) and Cu(II), but with the Cu(I)- 
H20 2 system two different adducts were observed. 
The first of these has been assigned to a secondary 
radical arising from hydrogen abstraction from the 
side chain, though at a different position to that 
observed with the 
second is identical 
seen with Lys and 
from fragmentation 
chain. 
Fe(II) or Cu(II) systems. The 
to the primary radical species 
assigned to a radical generated 
or rearrangement of the side 
The formation of these additional/different radi- 
cals with Lys was found to be dependent on the 
presence of blocking groups at either, or both, of the 
amino groups. Studies with N(oz)-acetyl lysine, 
N( E)-acetyl ysine or N( a)-BOC, N( E)-BOC-lysine, 
resulted in the loss of the triplet of triplets signal, and 
the observation of the triplet of doublet signals as 
observed in the Fe(II) system. Thus species formed 
via hydrogen abstraction from C-4 or C-5 on the side 
chain are being formed. 
These differences between the Fe(II) and copper 
ion systems cannot be due merely to changes in the 
rate of radical generation, as changes in the radical 
flux would be expected to merely give different 
concentrations of the same species. These changes 
are more likely to be caused by interaction of the 
copper ions with the substrates. It is believed that the 
different species observed with copper ions arise as a 
result of chelation of the copper ions to particular 
sites, and that this determines the site of radical 
formation. In order to confirm this hypothesis, further 
studies were carried out where the EPR signal from 
the Cu(II) ions, which are paramagnetic due to their 
d 9 configuration, was monitored (Fig. 2). With all the 
free amino acids except Lys or HyLys, no significant 
changes in the Cu(II) EPR absorption were observed. 
In contrast with Lys or HyLys significant distortion 
of the Cu(II) signal was detected (cf. Fig. 2A,B). No 
change was observed when any of the blocked Lys 
derivatives were examined. This suggests that there is 
a significant interaction between Lys and HyLys and 
the Cu(II) ions. The complex nature of the signals 
observed with Lys and HyLys is due to the presence 
of both gll and g ± components, and hyperfine cou- 
plings arising from the nuclear spins (of 3/2)  of both 
the two copper isotopes, 63Cu and 65Cu, which are 
present at 69.1 and 30.9% abundances respectively. 
\ 
B 
Fig. 2. EPR spectra of Cu(II) ions (5 mM) in the presence and 
absence of amino acids and peptides. (A) Cu(II) ions in water pH 
5, signal assigned to an aquated Cu(II) complex. (B) Cu(II) ions 
in the presence of excess Lys (0.1 M) at pH 3.5; signal assigned 
to a Cu(II)-Lys complex. (C) Cu(II) ions in the presence of 
Ala-Ala (0.1 M) at pH 2. Signal assigned to an aquated Cu(II) 
complex. (D) As (C) except at pH 5; signal assigned to a Cu(II) 
complex to the dipeptide. (E) Cu(II) ions in the presence of the 
tripeptide Gly-Pro-HyPro (35 raM); signal assigned to a Cu(II) 
complex to the tripeptide. 
The couplings from these two isotopes are almost 
identical, due to their almost identical magnetic mo- 
ments, so that single multiplets consisting of four 
lines are observed on both the gll and g ± features 
[20,31]. 
All the peptides examined gave similar behaviour 
to the Fe(II) system with a few notable exceptions. 
Thus Gly-Gly, Gly-Gly-Gly, Ala-Ala, Gly-Ala and 
Ala-Gly, gave different behaviour to that observed 
with the Fe(I I ) /H20 2 system at pH values < 4 (Fig. 
3A,B). At higher pH values identical behaviour was 
observed. With the first three of these materials, at 
low pH values, signals were observed, in the pres- 
ence of DBNBS, which have been assigned to species 
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Fig. 3. EPR spectra observed on reaction of (A) Fe(ID/H202 (2 
mM and 2.5 mM respectively) and (B) Cu(II)/H202 (3 mM and 
30 mM respectively) with the dipeptide Gly-Gly (50 raM) in the 
presence of the spin trap DBNBS (2.5 raM) at pH 4. Signal in 
(A) assigned to a radical adduct formed via hydrogen abstraction 
by hydroxyl radicals from the C-terminal a-carbon [ie. the adduct 
of NH~- CHzC(O)NHCH(COO- ) ]. Signal in (B) assigned to an 
adduct arising from decarboxylation at the C-terminus (i.e., the 
adduct of NH~- CH2C(O)NHCH2). 
resulting from decarboxylation at the C-terminus, i.e. 
radicals of the type R"-NH-C(R'), where R' is H or 
CH 3. Similar species are also believed to be gener- 
ated with Gly-Ala and Ala-Gly. In these cases the 
spectra were too weak to identify unequivocally, but 
they were significantly different o those observed 
with these same substrates with the Fe(II) system. 
GIy-GIy-NH 2, where the C-terminus is blocked, did 
not give this type of species under identical condi- 
tions. This behaviour does not appear to be directly 
correlated with the complexation of the copper ions 
to the substrate. Thus no distortion of the Cu(II) 
signals was observed with these peptides at low pH 
values where decarboxylation was observed (Fig. 2C), 
whereas at higher pH values, where behaviour analo- 
gous to that observed with Fe(II) was detected, istor- 
tion of the Cu(II) signal and hence complexation of 
the peptide to the Cu(II) was observed (Fig. 2D). 
Unusual behaviour was also observed with the 
tripeptide Gly-Pro-HyPro on treatment with 
Cu(II)/H202. In this case a signal analysed in terms 
of the trapping of a radical with both a /3-nitrogen 
and /3-hydrogen coupling was detected. This type of 
species cannot arise from hydrogen abstraction at the 
a-carbon of either the Pro or HyPro residues, and is 
unlike any of the side-chain radicals observed with 
these amino acids. This signal is therefore tentatively 
assigned to a species arising from hydrogen abstrac- 
tion at the N-terminal a-carbon. This selectivity may 
arise as a result of the binding of the peptide to the 
Cu(II), a phenomenon which was confirmed when the 
Cu(II) EPR signal was examined (Fig. 2E). 
0 i • 0 m m • m • • m O 
1 mT 
11, 
Fig. 4. EPR spectra observed on reaction of Fe(II)/H202 (0.4 and 0.5 mM respectively) with collagen (1,4 mg/ml) at pH ca. 2 in the 
presence of DBNBS (2.5 mM). Spectrum analysed in terms of the presence of three signals; an anisotropic signal from a large, 
slowly-tumbling, species (O), and two isotropic signals due to relatively mobile spin adducts of tertiary (partial structure CRR'R"; O) 
and secondary (partial structure CHR'R"; • )  carbon-centred radicals. 
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3.3. Spin trapping experiments with collagen 
Initial studies were carried out using the 
Fe( I I ) /H:O 2 couple and collagen (1.8 mg/ml)  in the 
presence of DBNBS at pH ca. 2. This low pH was 
employed to prevent rapid gelation of the reaction 
mixture. Examination of such reaction systems re- 
suited in the detection of three distinct EPR signals 
(Fig. 4). The first of these appears as a broad, 
partially anisotropic signal with the distance between 
the outermost features, 2all, 4.44 mT, the second was 
a relatively sharp isotropic triplet with a(N) 1.36 mT, 
and the third a sharp isotropic triplet of doublets with 
a(N) 1.40 and a(H) 0.855 mT. The first of these 
signals is assigned to a radical adduct of a large, 
slowly-tumbling, collagen-derived radical. The other 
species, which were also observed only in the pres- 
ence of collagen, are believed to be due to either 
adducts of a low-molecular-weight collagen-derived 
fragments, or radicals present on the parent macro- 
molecule which have considerable freedom of mo- 
tion. This freedom of motion might arise from the 
radicals being present on mobile side-chains. The 
triplet species has similar parameters to the species 
assigned to the adducts of the a-carbon radicals 
observed with some of the model compounds, and is 
therefore assigned to a similar species. The triplet of 
doublets pecies has parameters similar to those ob- 
served with Lys, but not Pro, HyPro or Gly peptides, 
suggesting that a similar side-chain derived species is 
being formed. 
If the mobile species are due to fragments from the 
parent molecule, rather than species present on the 
side-chains of a relatively intact macromolecule, it 
might be expected that the ratio of the sharp to broad 
signal intensities might decrease as the radical flux 
was decreased. This proved not to be the case, with 
the ratio of the sharp to broad peak intensities actu- 
ally increasing as the concentrations of the Fe(II) and 
H202 were decreased to very low levels. The appear- 
ance of the spectra was also not significantly altered 
by the inclusion of the iron ion chelators EDTA and 
DETAPAC which are known to alter the rate of 
reaction of Fe(II) ions with H202, and hence the 
overall radical flux [32,33]. Thus it appears that these 
sharp EPR signals are due to radical species present 
on relatively intact collagen molecules with consider- 
able local freedom of motion. No signals were ob- 
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Fig. 5. Formation of carbonyl compounds, measured as DNPH 
derivatives ( ee Section 2) on collagen (2.5 mg/ml) on treatment 
with metal ion/H202 redox couples at pH 2. Reagent concentra- 
tions: Fe(II) 1.25 mM, Cu(II) 1.25 mM, Ti(III) 0.84 mM, ascor- 
bic acid (2.5 mM) and H202 25 mM. (1) Untreated collagen, (2) 
Collagen plus H202, (3) Collagen plus Fe(II), (4) Collagen plus 
Fe(II) and H202, (5) Collagen plus Cu(II), (6) Collagen plus 
Cu(II) and HzO 2, (7) Collagen plus Cu(II) and Ti(III), (8) 
Collagen plus Cu(II), Ti(III) and H202, (9) Collagen plus ascor- 
bate and H202, (10) Collagen plus Cu(II) and ascorbate, (11) 
Collagen plus Cu(II), ascorbate and H202. Data expressed as nM 
of carbonyl groups (mean + SD) per mg protein. 
served under these conditions using the spin trap 
MNP. 
In similar experiments with the Cu(II)/H202 or 
Cu(I)/H202 systems no signals were observed with 
either spin trap. This may reflect a much slower rate 
of radical formation by these systems, an effect of the 
pH on the reaction mixture, or binding of the copper 
ions to the collagen molecule in such a manner as to 
reduce, or eliminate, radical formation. The last of 
these possible explanations i  supported by the obser- 
vation that the EPR signal of aquated Cu(II) ions is 
significantly distorted by the addition of collagen to 
the reaction mixture, suggesting that there is a signifi- 
cant interaction between these components which 
affects the site or extent of oxidant-induced damage. 
In order to independently confirm that these metal 
ion/H202 systems are inducing collagen damage, 
the generation of carbonyl groups which are a known 
product of oxidant damage was investigated. The 
results of these experiments are shown in Fig. 5 and 
are broadly consistent with the EPR data. Thus little 
damage was observed with collagen and any metal 
ion or H202 alone, significant damage on treatment 
with Fe(II)/H202, little with Cu(II) alone, moderate 
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amounts with Cu(I I ) /H202, and significantly greater 
amounts with Cu( I ) /H20 2. 
In order to obtain further information about these 
collagen-derived species generated using the 
Fe(I I ) /H202 system, and particularly the adduct 
which gives rise to the broad anisotropic signal, 
enzyme digestion experiments were carried out with 
the aim of releasing small fragments from the rela- 
tively intact polymer. A proportion of these frag- 
ments would be expected to still have the spin trap 
attached, and ought to give isotropic EPR spectra 
from which further information might be obtained 
[30,34]. Two enzyme systems were investigated: col- 
lagenase (which was purified before use to remove 
low-molecular-weight thiols which might interfere 
with the EPR measurements) and pepsin. Pepsin 
would not be expected to degrade intact collagen 
molecules, though it has been suggested that colla- 
gen, once damaged, may become more susceptible to 
such enzymes. This enzyme would therefore be ex- 
pected to show selectivity for damaged collagen 
chains. Incubation of pre-formed collagen-DBNBS 
adducts, prepared as described above, with either 
collagenase or pepsin at 37°C resulted in a decrease 
in intensity of the broad, partially anisotropic, signal 
and an increase in the intensity of the sharper triplet 
signal. The intensity of the triplets of doublets pecies 
remained relatively constant. This effect was more 
dramatic with pepsin than collagenase, and may be 
due to a number of factors including the selective 
degradation of damaged collagen chains by pepsin. 
The one, or more, species which give rise to these 
additional sharp triplet signals are assigned to low- 
molecular-weight material released from the parent 
molecule as a result of the generation of damaged 
collagen chains which can be subsequently degraded 
by pepsin and collagenase. 
The absence of any resolvable hyperfine couplings 
on the isotropic triplet signal(s) is consistent with an 
assignment of this absorption to tertiary carbon- 
centred radical(s). The parameters of this signal are 
very similar to some of those observed in the model 
experiments with N-acetyl amino acids and peptides, 
and which have been assigned to species formed by 
hydrogen-abstraction at the a-carbon on the back- 
bone. It is therefore suggested that some of the 
species generated uring the degradation of collagen 
by hydroxyl radicals may be similar, or identical, 
a-carbon-derived radicals. The formation of such 
species in known, from studies on model peptides 
[29], to give rise to cross-links in the absence of 02, 
and backbone cleavage, via the formation of peroxyl 
and possibly alkoxyl species, in the presence of 02. 
Thus the formation of degraded or cross-linked colla- 
gen in vivo, is consistent with radical-induced dam- 
age. 
4. Conclusions 
The results obtained in this study are consistent 
with relatively unspecific hydrogen atom abstraction 
by hydroxyl radicals, formed by a Fe(II)-H20 z cou- 
ple, on the side-chains of free amino acids, and both 
the side-chains and a-carbon sites of N-acetyl amino 
acids and larger peptides. Similar EPR signals are 
detected with collagen, both before and after prote- 
olytic digestion, demonstrating that both backbone 
and side-chain species are generated on this protein 
on exposure to this oxidising system. The side-chain 
radicals are consistent with attack at Lys, but not Pro 
or HyPro, side-chain sites. This suggests that there is 
some selectivity within the collagen molecule in the 
site(s) of hydroxyl radical attack. 
In contrast o the Fe(II)-H202 system, some of the 
results obtained with Cu(II)-H202 and Cu(I)-H202 
systems uggest hat a different spectrum of damage 
occurs in some cases. These differences are not due 
merely to a change in the rate, or extent, of hydroxyl 
radical generation, as alterations in the site of radical 
formation on the target molecules are observed in 
some cases. Thus it has been shown that the these 
copper ion redox couples can give rise to altered sites 
of hydrogen abstraction with Lys or HyLys, C-termi- 
nal decarboxylation with some peptides, and hydro- 
gen abstraction at (deactivated) N-terminal ce-carbon 
sites in others. EPR studies of the Cu(II) species 
present in these reaction mixtures have provided evi- 
dence in some, but not all, cases for chelation of the 
copper species to the amino acid or peptide, and 
hence formation of radical species at different sites to 
those observed with free hydroxyl radicals. A similar 
distortion of the Cu(II) signal is seen with collagen 
suggesting that copper ions also bind to this material. 
The observation that only Lys and HyLys of the free 
amino acids cause such distortion, suggests that the 
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copper ions are binding to these amino acids on 
collagen. Such binding would be expected to localise 
radical formation at particular sites within a collagen 
molecule and hence induce site-specific damage as 
observed with other proteins [17]. 
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